Spherically imploding plasma liners are a proposed standoff compression driver for magneto-inertial fusion. We report experimental results on the formation of a section of a spherically imploding plasma liner via the merging of up to seven hypersonic plasma jets launched by state-of-the-art, contoured-gap, coaxial plasma guns. Previously, we described initial results on the merging of six plasma jets that had 50% mass variation across the jets, leading to poor symmetry in the liner structure [S. C. Hsu et al., IEEE Trans. Plasma Sci. 46, 1951 (2018 ]. This paper reports more comprehensive results with mass variation across jets of ≤ 2%, achieved by using improved gas valves in the plasma guns. A suite of diagnostics is used to characterize the section of the plasma liner formed by six merging plasma jets and provides evidence of increased balance in the merging plasma jets. We also report on experiments focused on the merging of 2 and 3 jets with variable intial angles and velocities to evaluate the merging effects on Mach-number degradation due to shock ion heating and the formation and evolution of density non-uniformities. Experimental data are used to benchmark simulations from two different three-dimensional hydrodynamic codes. The diagnostic results indicate readiness for a 36-gun experiment to form a fully spherical imploding plasma liner that will provide data on peak rampressure scaling and non-uniformity evolution. Our experience with operating six coaxial guns pointed to several necessary gun-engineering improvements, which are now being implemented for the upcoming 36-gun experiments.
I. INTRODUCTION
Magneto-inertial fusion (MIF), aka magnetized target fusion (MTF), is a class of pulsed fusion approaches in which an imploding liner compresses a magnetized target plasma to fusion conditions, [1] [2] [3] [4] at ion densities intermediate between those of magnetic and inertial fusion. Many MIF embodiments have been pursued over a period spanning more than forty years, e.g., the development of rotating cylindrical liquid liners 5, 6 intended to compress a field-reversed configuration (FRC), MAGnitnoye Obzhatiye (MAGO) or magnetic compression, ? cylindrical solid-liner compression of an FRC, 8? acoustically driven liquid-liner compression of a spherical tokamak, ? and magnetized liner inertial fusion ? ? (MagLIF, which is Z-pinch-driven, cylindrical solid-liner compression of a laser-preheated magnetized plasma). MagLIF provided a definitive demonstration of proof-of-concept for MIF by achieving multi-keV temperatures ? and BR (product of magnetic field times fuel radius) values 13 approaching those needed for fuel self-heating from energy deposition a) kyates@lanl.gov b) samuel.langendorf@lanl.gov c) scotthsu@lanl.gov by α particles generated by DT fusion. ? To meet the economic requirements of a power plant, it may be necessary for an MIF embodiment to have high repetition rate (e.g., ∼ 1 Hz) and low cost per shot (e.g., few cents/shot amortized over the life of the power plant). This tends to favor liquid and plasma liners, which avoid the repetitive mass destruction associated with solid liners that lead to low repetition rate and high cost per shot.
Our present focus is on the development of a highshot-rate, low cost-per-shot plasma-liner driver for MIF based on the concept of plasma-jet-driven MIF, or PJMIF, 15? ? ,16 in which a spherical array of plasma jets merges to form a spherically imploding plasma liner. The chief advantages of plasma liners and PJMIF are the (1) high implosion speeds (> 50 km/s and faster than liquid liners) to overcome the rate of energy loss in the magnetized plasma target and (2) several-meter standoff of the plasma-formation hardware (plasma guns) such that they increase the chance of surviving the fusion blast and may allow for reasonably long periods between maintenance or replacement in a power plant. The key disadvantages of PJMIF are the challenges in forming both the spherically imploding plasma liner ? ? and a compatible magnetized plasma target. ? Merging plasma jets seed non-uniformities in the liner that could lead to intolerable levels of Rayleigh-Taylor instability and liner/fuel mix when the heavier liner decelerates against the lighter target plasma. The amount of liner non-uniformity resulting from merging plasma jets and the amount that can be tolerated for PJMIF to remain viable are both open research questions. The use of a plasma liner will also likely require more initial mass, and therefore more initial kinetic energy since much of the plasma liner may not communicate with the DT target due to radial expansion of the propagating plasma liner. The present work takes the first step of experimentally assessing the observed amount of liner non-uniformity arising due to discrete merging plasma jets.
An extensive body of published literature lays out the theoretical issues and numerical scaling-studies of plasma-liner formation and implosion via merging hypersonic plasma jets. ? ? ? ? ? ? ? ? ? ? ? PLX previously fileded parallel plate mini-railguns ? ? ? ? to study single plasma jet propagation, two-jet merging and evoltuion, and two-jet head-on plasma jet merging and evolution. These experiments, along with numerical modeling, has led to several important results. Plasma jet parameters were characterized to include plasma jet profilies and evolution aross 1 m of propagation from the nozzle. ? The collsional merging of two plasma jets provided the identifications and characteriztation of plasma shock formation ? ? that was shown to be consitsant with hydordynamic oblique shock theory. Finally, the merging of plasma jets has shown the rise of the mean-charge-stateZ, reducing the counterstreaming ion-ion mean free path ( dependence on mean free path) and providing a collisonal plasma regime. ? The goal of this work is to evaluate the merging of interpenetrating plasmas relevant to the formation of a plasma liner for the plasma-jet-driven magneto-inertialfusion (PJMIF) concept. Several aspects of the work presented here have been presented elsewhere, ? ? however, this paper is intended to provide the first comprehensive experimental archive of the work presented on PLX. Experiments are conducted with hypersonic jet merging with arrays of 1, 2, 3, 6, and 7 state-of-the-art coaxial plasma guns. The experimental data presented here is essential for benchmarking multi-physics models and codes ? ? that are being used to evaluate the PJMIF concept, and provide unique fundamental data on colliding, interpenetrating plasmas. The experimental work includes several important goals relevant to the PJMIF concept: 1) improving jet-to-jet balance and timing; 2) characterizing the ion heating via merging of plasma jets for various angles and gas species and the subsequent Mach-number degradation (an important metric for the concept); and 3) the formation and evolution of density non-uniformities via merging of plasma jets. This work provides direct experimental data for various merging angles and species in order to benchmark codes and identify the minimum set of required physics models for designing potential next-step experiments with more reactorrelevant configurations and geometries.
The remainder of the paper is organized as follows.
Section II briefly describes the experimental setup including the plasma gun bank parameters, the plasma jet paramters, and the diagnostic suite for the experiments. Section III describes the improved mass balance across plasma jets and the improved balance of the merging of plasma jets observed via multi-chord interferometry, photodiode arrays, and self-emission imaging. Section IV details the diagnosis of one, two, and three jet merging at multiple angles and gas species to study plasma density non-uniformities via formation of shocks and the subsequent ion heating and Mach-number degradation. Section VI provides a summary of hydrodynamic simulations of the formation of shocks and subsequent heating of the plasma jets. Section VII gives a brief discussion of the next steps in PJMIF development, including gun development and fully spherical plasma-liner-formation. Section VIII provides a summary and conclusion of the work presented here.
II. EXPERIMENTAL SETUP
A recent paper ? provided detailed descriptions of the experimental setup and diagnostics for six-gun-merging experiments on the Plasma Liner Experiment (PLX), ? ? the design of the contoured-gap coaxial guns developed by HyperV Technologies Corp., ? ? and the plasma parameters of the plasma jets formed by these guns. We do not repeat the same details here and instead provide only brief descriptions. The plasma jet requirements for the PLX experiments, driven by parameter studies elsewhere, ? are as follows: 1) plasma-jet merging occurs in the collisional limit; 2) strong radiation losses occur due to sufficient ionization states; and 3) the plasma jets are supersonic with Mach-number M ≡ V jet /C s ≥10 (V jet is directed jet velocity and C s is the plasma jet ion sound speed). These requirments provide the limits for plasma jet velocity, density, as well as the necessity for heavier elements such as Ar, Kr and Xe. In addition to these physics limits, simulations have guided the expeirments to provide necessary mass balance and timing jitter between guns ? ? . The required plasma jet parameters are sumarized in Table I with the achieved parameters from work presented in an earlier paper ? (old GV) as well as the achieved parameters presented here.
The plasma gun fielded in the experiments is illustrated in Fig. 1 . The contoured gap feature of the electrodes was designed based on MACH2 ? simulations and eliminates the "blowby instability." The capacitors that drive the gun electrodes are mounted directly on the back of the guns. Each gun has a gas valve (GV) at the back of the electrode along with 20 ignitor pins for pre-ionization (PI) of the gas. Details of the contoured gap electrode, GV, and PI designs are proprieteary information of Hy-perJet Fusion Corporation.
The plasma guns are fired in the following manner. The gas valve is triggered at ∼-600 µs followed by the triggering of the PI system at ∼-20 µs. Finally, the gun Table III . 12-chord interferometry was fielded using a 320-mW, 651-nm solid state laser in a heterdyne configuration and is an upgrade from the previous 8-chord interferometry system. ? ? ? Visible survey spectroscopy was fielded with 0.160 nm/pixel resoltuion at 510 nm and coupled to a PI-MAX2 iCCD camera with 1024X256 pixels, 16-bit dynamic range, and was fielded with a typical exposure of 1-2 µs and a field-of-view 1-2 cm. High- Capacitors are mounted to the back of the gun along with ignitor pins for pre-ionizatino of the gas and a contoured-gap electrode configuration for accelerating the plasma. The timing and velocity of the plasma jets is measured by two fibercoupled diode measurements separated by 2 cm and attached near the front of the gun electrodes. Fig. 5 and Fig. 12 .
The PLX chamber with seven plasma guns installed is shown in Fig. 2 . Plasma jet merging experiments conducted here included firing 1, 2, 3, 6, and 7 plasma guns to study the plasma jet merging physics relevant to PJMIF. The gases used in the experiments included argon, xenon, krypton, and nitrogen.
III. IMPROVED MASS BALANCE ACROSS PLASMA JETS
In this section, we describe the improved gas valves that resulted in superior mass balance across jets to within ≤ 2% and the subsequent improvement in the merged plasma symmetries and uniformities.
A. Improved mass balance among jets
The first generation of gas valves consisted of an inline plenum, magnetic coils, a flyer plate, and eight metal springs. The flyer plate rests on the eight uncompressed springs. When the gas valve magnetic coils are pulsed with a 10-kV bank, magnetic pressure pushes the flyer plate against the springs, compressing them far enough to allow the flyer plate to be pushed below the gun inlet holes. The in line plenum delivers the pressurized gas into the gun inlets. The first generation of gas valves provided 50% mass variation across the jets, leading to poor symmetry in the liner structure. Tremendous effort was put into improving the mass balance by modifying the gas valves. Modifications included developing a proper gas plenum with more control of the machined volume. The new plenum has increased volume with an annulus profile and a smaller cross-sectional area. This provides higher plenum pressures and larger dispensed masses. Previous gas valves applied pressure to the entire flyer plate whereas the new valve applies pressure in annulus to the outer rim of the flyer plate. The flyer plates now have an additional fin to direct gas flow towards the breach rather than towards the center of the plate. Testing of the modified valves show a mass balance across valves to be within ≤ 2% as shown in Fig. 3 . With engineering improvements made to the gas valves, a ballasting system was developed on PLX for fine adjustment of the gas valve operation. A ballast board included inductors and resistors to vary the current delivered to the valve coils, varying the magnetic pressure applied to the flyer plate. This allowed for variation of gas mass injected into the plasma gun. Initial balancing of the valves was conducted by firing the gas valves only. The gas was disconnected from all but one gas valve and evacuated using the PLX vacuum system. The mass injection for one gas valve was determined by monitoring the increase in vacuum chamber pressure when the valves were pulsed. The increase in chamber pressure was monitored using an MKS Instruments model number 626C.1TLF baratron pressure gauge. Each valve was ballasted to arrive at a gas injection of ∼4 mg. This process was conducted for all plasma guns.
Balancing was completed by firing all six plasma guns and analyzing the plasma jets with two photodiodes placed at the end of the gun and separated by 2 cm (see Fig. 1 ) along with end-on 12-frame imaging. The 12-frame Invisible Vision intensified CCD camera was placed looking through a port directly opposite of gun 6 (the interferometry diagnostic occupied the direct endon position). The relative timing of the formation of the primary shocks between the merging plasma jets helped qualitatively guide us in determining which plasma guns may be firing with different mass injection, as would be determined by its relative velocity compared to other jets. The diodes determined the velocities of each plasma jet and the timing of the jets as they exit the gun. Fig. 4 .a and Fig. 4 .b provide examples of photodiode data prior to and after balancing, respectively. The spread in the signals prior to balancing is 1600 ns and 850 ns after balancing. The balancing lead to an average spread of ∼ 600 ns ±200 ns for the plasma jets. We could not do better with the ballasting due to shot to shot jitter in the system causing the timing of the jets to vary such that we could not improve the timing. An effect of proper balancing (as well as lack there of) is also observed in the interferometry and will be discussed next.
B. Improved 6 Gun Conical Section Uniformity
The electron density and temperature distribution of 6 plasma jets merged in a conical section of an eventual 4Pi configuration has been diagnosed. The density perturbations post plasma jet merging is an important metric for the viability of the PJMIF concept as discussed in the introduction. To diagnose these perturbations, 7 interferometry chords were aligned end-on to probe the line integrated density along an arc as shown in Fig. 5 . Light was collected along each of these chords for survey spectroscopy to diagnose the electron temperature. The lines-of-sight for the interferometry and survey spectroscopy was nearly parallel to the propagation of the plasma jets (∼ 23 • ) with the laser chords intersecting the guns lines of propagation at ∼14 cm from target chamber center. The interferometry chords (chords 1-7) are 0.3 cm in diameter with chords 1 and 5 (chords 3 and 7) placed near the predicted position of the primary plasma shock (secondary shock). The primary shock is the inital oblique shock between two merging jets while the secondary shock is the merging of two primary shocks. The interferometry diagnostic is a heterodyne system and is described in detail elsewhere ? . The interferometry provides a time resolved measurement of the phase shift and can be used to determine the line integrated density using Equation 1 where ∆φ is the phase shift, λ is the laser wavelength (561nm), ǫ is the permittivity of free space, e is the electron charge, m e is the electron mass, m i is the ion mass, c is the speed of light, N is the index of refraction, δN =N-1, K i is the specific refractivity of the ions, f is the ionization fraction, and n is the number density of electrons, ions and neutrals.
(1) For singly ionized argon, the specific refractivity is given by
Which reduces Equation 1 to Equation 3 for argon.
For this paper, the specific refractivity is assumed to be the same for all gas species. This is a reasonable approach for this work since the motivation is to determine the density perturbations formed by merging jets.
Results obtained prior to the plasma gun valve upgrade is presented elsewhere and showed poor symmetry with the end-on interferometry diagnostic. ? The results presented in this section are obtained from the upgraded gas valves. Fig. 6 shows an example of the time resolved line integrated density for each of the seven chords for argon ( Fig. 6 .a) and xenon ( Fig. 6 .b) plasma jets. Nitrogen and krypton were not shot in the new configuration due to time restraints of the experiment. We expect some level of symmetry in the traces, i.e., chords 1 and 5, chords 2 and 6 and chords 3 and 7 should have similar traces. These pairs have been labeled in Fig. 6 with similar colors to help identify which chords should be similar. The argon data in Fig. 6 .a shows the line integrated density begin to rise at approximately 30 µs. The density traces begin to diverge at about 35 µs, with all traces staying within a factor of about 3 in the region of interest. This region of interest is determined to be the time it would take to form a converging plasma liner. The xenon data in Fig. 6 .b shows the line integrated density begin to rise at approximately 40 µs. The density traces begin to diverge at about 46us, with all traces staying within a factor of about 4 until about 51 µs. The line integrated density can vary by an order of magnitude in the region of interest for xenon as seen by the traces at 53 µs. There is no obvious symmetry observed in the traces which is likely due to timing jitter in the guns.
The merging of 6 plasma jets is simulated using SPF-Max. Fig. 7 shows the results of comparison between data and simulation for one particular time. The bars represent the simulated results from SPFMax. The data points are averaged over 10 shots with the error bars representing the spread in the data from shot to shot over the individual chords. The results are promising with the simulation showing agreement within a factor of 2 for the argon and xenon plasma jets. Comparison of Fig. 7 to previous end-on interferometry results (see Fig. 11 of reference 38) show a dramatic improvement in the uniform merging of the 6 plasma jets. This is likely due to the improved gas valves along with the additional ballasting system. There is still significant shot to shot variations as well as asymmetries in the chord traces. The diodes may give some indication as to the reason for some of the spread in the data. The timing jitter for the six guns was determined by measuring the spread in the arrival time of the diode signals. The arrival time of a jet at a particular diode was determined as the time the diode signal reached a value of half maximum. Data was analyzed for 11 argon shots and 9 xenon shots. The argon data showed an average spread in the arrival time of a plasma jet of 610 ns with a standard deviation of 200 ns while the xenon showed an average spread in arrival time of 612 ns with a standard deviation of 80 ns. Fig. 8 shows the difference in interferometry traces for shots where the FIG. 6. Line integrated densities from 7-chord end-on interferometry is time resolved to illustrate the level of uniformity of the 6-gun plasma jet merging process (see Fig. 5 for positions of interferometry chords). Experiments were conducted with argon and xenon gases. For both gases, the traces for all 7 chords rise together for many µs before diverging. The argon traces stay within a factor of 3 in the region of interest while the xenon traces diverge to a factor of about 10.
diode traces had small spread versus large spread, with the larger spatial gradients occurring for the shot with larger timing jitter.
Simulations were conducted using the FronTier code ? ? to study the effects that variations in the initial plasma jet conditions have on the properties of 6 merging plasma jets. ? Variations in the initial plasma jet conditions included jet mass variations of ±10% and ±2% and jet timing variations of 2 µs, 100 ns, and 50 ns. The effects of these variations on the density gradients due to shock formation and evolution, ion heating, mach number degradation, and ram pressure in time and space was analyzed. Simulations showed a strong sensitivity to timing variations in the plasma jets, specifically with the 2 µs timing variation with almost no sensitivity at 50 ns variation between jet timings. Mass variations had little to no effect on the Mach number and ram pressure. Only the timing variations effected the ram pressure with 2 µs reducing the overall ram pressure by nearly a factor of two. As it relates to current diagnostics on PLX, the timing variations of 2 µs had a dramatic effect on the simulated line integrated density of the end-on interferometry and also showed qualitative effects in the simu-lated iCCD images that matched well with experimental results. For timing variations of 100 ns, simulated end-on interferometry showed variations of 50% in regions that should ideally be equivalent, i.e. comparing two shock regions. It is important to point out that a single fluid approximation was utilized in all FronTier simulations. This may lead to an overprediction of shock jumps due to the simulation not resolving small interpenetration of rarefied edges of plasma jets. The order of magnitude shock jumps in the simulated line integrated density suggest this is occurring. Despite this effect, the simulations suggest that timing between the plasma guns is a critical metric for engineering and fielding the plasma guns. Our current timing jitter of about 600 ns is almost certainly a leading cause of the shot to shot variations and some of the non-ideal shock structures. 
C. 6-and 7-Gun Comparison
A seventh gun was recently installed on the PLX chamber in the middle port of the previous six guns (see Fig. 2 ). The port used for the seventh gun was previously used to field the end-on interferometry, so the ability to diagnose with end-on interferometry with the seven guns is currently unavailable. Fig. 9 shows a comparison between the 6 and 7 gun imaging sequences using the single frame iCCD. The 6 jet case shows primary shocks forming between each gun line and merging into a shock, Fig. 8 .a is for diodes showing a timing imbalance between jets of ∼800ns while Fig. 8 .b is an imbalance of ∼400ns. This illustrates the effect that timing balance has on the interferometry traces and hence, the overall uniformity of the plasma jet merging process.
possibly a secondary shock, along the axis of the six guns by 34 µs. The 7 jet case shows primary shocks forming in similar regions as observed in the 6 jet case, however, an annulus primary shock centered on the seventh gun also forms. The primary shocks merge to form another shock on the axis of the seventh gun by 34 µs.
Imaging from the side provides an interesting comparison of the formation of the possible secondary shock via merging of 6 and 7 guns. Fig. 10 shows side-on imaging of the 6 and 7 jet cases at 34 µs. The 6 jet case, Fig. 10 .a, shows a sharp secondary shock, while the 7 jet case, Fig. 10.b , shows what appears to be several propagating primary shocks. Line-outs are taken along the red lines in the images of Fig. 10 .a and Fig. 10 .b. The square root of the intensity is plotted in Fig. 10 .c for both cases. Since T e has been measured to be spatially uniform across the plasma jets, the spatial profile of the line out should be representative of the ion density profile. The square root of the intensity of the shock in the 6 gun image is about twice that of the same region in the 7 gun image. The orange circle in the images represents the approximate location (target chamber center) and diameter (∼4 cm radius) of a hypothetical magnetized target in the PJMIF concept. ? The surface area of the incoming shock on the target in a 60 gun configuration can be estimated to be about 196 cm 2 , as calculated from the lineout of the shock structure in Fig. 10 .a and multiplying by 10. The surface area of a 4 cm radius target is 201 cm 2 . If one were to have 60 guns in this configura-FIG. 9. 2 ns time-gated self emission imaging of the argon plasma jets from directly end-on captures the merging process of 6 and 7 plasma jets. Primary shocks are observed to form for both 6 and 7 guns by ∼26 µs (b and f). The 7-gun configuration also forms primary shocks between the outer 6 guns and the inner gun 7, forming a hexagon shaped primary shock. The primary shocks merge towards the center axis of the guns to form what appears to be a secondary shock. tion, which is possible with the current PLX chamber, the merging shocks from each conical section of 6 guns may compress the target with more uniformity than is suggested by the images. Due to the ending of the scientific campaign with these guns, a comparison of side-on interferometry was not conducted to compare the 6-and 7-gun plasma merging line integrated densities. 
IV. SHOCK FORMATION AND ION HEATING UPON JET MERGING
One-, two-and three-gun experiments were conducted to study plasma density non-uniformities as well as ion heating and evolution due to collisional plasma shocks formed by the oblique merging of supersonic plasma flows. Fig. 11 shows the evolution of 3 merging plasma jets. Plasma jets from plasma guns 1, 2, and 3 are shown begin to merge in Fig. 11 .a. The red, yellow and green lines show the approximate trajectory of the three individual jets. Evidence of primary shocks between plasma jets 1 and 2 as well as 2 and 3 are shown in Fig. 11 .b. By Fig. 11 .d another shock appears that might be the merging of the two primary shocks to form a secondary shock. Fig. 12 shows the diagnostic layout for the 3-jet experiments. Side-on interferometry was fielded nearly perpendicular to the direction of propogation of the jets with 5 chords (chords 8-12), labeled with green dots in the figure. Survey spectroscopy was fielded along each of the interferometry chords. High-resolution spectroscopy was also fielded along the jet 2 propagation line as well as the region between the jet 2 and jet 3 path (expected primary shock region). The diagnostic layout allows for comparison of varying merging angles (11.6 • between jets 1 and 2 as well as 2 and 3; 20.5 • between jets 1 and 3) and the effect on ion and electron temperature as well as the formation of density perturbations, i.e., shock formation. The results presented in this section for one-, two-and three-gun shots were obtained from plasma jet experiments conducted with the gas valves previous to the recent upgrades.
A. Electron temperature
Survey spectroscopy was fielded along the interferometry chords and was compared to non-localthermodynamic-equilibrium (NLTE) synthetic data using PrismSPECT ? . Electron densities consistent with interferometry measurements were used to bound the electron temperature and the mean ionization,Z. Fig. 13 shows the comparison of data and simulation for all four gas species with all three guns firing (guns 1, 2 and 3). The electron temperatures ranged between 1.2 and 3.2 eV (this temperature range includes the error bars which are shown in Table V ) with an electron density of 1x15 cm -3 . The PrismSPECT simulations indicate singly and doubly ionized states withZ of 0.9 to 1.9. Interestingly, postmerged plasma jets did not indicate variation in the electron temperature across the chord positions or in time. There are clear descrepancies in the line ratios in the data and simulations of Fig. 13 that we cannot easily explain. However, the temperature bounds presented here were done so by varying the simulation parameters until the dominant lines of the simulations did not match well with the experiment. Fig. 14. a shows the comparison of the spectra from different plasma gun configurations for merging argon plasma jets. For all three configurations the spectra do not significantly change indicating a similar T e andZ. Fig. 11 .a. The evolution of the 3-jet experiment is illustrated in the single-frame iCCD images taken across several shots of argon. By 28 µs the jets are merging to form primary shocks. The merged jets continue to propogate toward target chamber center with a sharp region emitting by ∼36 µs that could be a secondary shock formed by the merging of two primary shocks. plasma jet, i.e. no plasma jet merging. The single jet, gun 2 only, spectra indicates a T e = 1.5 eV and aZ=0.9 for a density of 5x10 14 cm -3 while the merged jet spectra indicates a T e = 1.9 eV and aZ=1.0 for a density of 1x10 15 cm -3 . Similar increases in density, T e , andZ during the plasma jet merging process were observed for all gas species and is summarized in Table III . The increase in T e andZ has been observed in prior experiments ? which suggested that frictional heating of the electrons by opposing ions lead to the increase in T e andZ.
B. Characterization of impurities in jets
Impurities embedded in the plasma jet from the gun may lead to deleterious effects on the plasma liner formation and the subsequent peak liner ram pressure. Previous experiments using rail guns showed plasma jets with approximately 70% (by number density) impurities embedded by the alumina-based rail gun insulators. Current plasma gun electrodes are made of copper and titanium. To estimate the amount of impurities in the plasma jets, vacuum chamber pressure rises were compared for gas injection only versus plasma jet discharges. This analysis suggests a plasma jet that is 80% pure gas and 20% impurities. Survey spectroscopy was fielded from a side-on direction in order to diagnose the impurities in the gas jet. The survey spectroscopy light was collected from about 20 cm from target chamber center (TCC). The 3 argon jets are shown to arrive at this position at about 27 µs (see Fig. 16 ). Fig. 15 shows data from two different time steps (2 µs gated iCCD) plotted with PrismSPECT simulations for argon jets with density 1x10 15 cm 3 and T e = 1.9 eV with aZ of 1.0. The titanium impurities, Ti II and Ti III, appear at about 34-36 µs, with about 10 µs of leading jet having little to no measurable impurities. The titanium spectra indicate a temperature of T e = 1.4 eV with a density of 5x10 14 cm 3 and aZ ∼2.0. Estimates show that only ∼5% of the argon jet mass is in the leading edge where ther is not titanium. This motivates the need to desing impurity free jet with future gun designs.
C. Density characterization of shock formation
Pre-and post-merge density
Analysis of the density jump of merging 3 plasma jets was conducted by placing 5 interferometry chords across the central region of 3 guns as shown in Fig. 12 . The interferometry chords (chords 8-12) are 0.3 cm in diameter and separated by ∼1.5 cm.
The time resolved, line-integrated density averaged over several shots is shown in Fig. 16 along with comparison to SPFMax simulations. The error bars represent one standard deviation in the line-integrated density for each chord at several chosen times. The increased line-integrated density in a particular chord, i.e., chord 10 in the Argon traces, is conjectured to be a result of the formation of plasma shocks as the plasma jets merge and is consistant with previous oblique shock studies. ? The results indicate that the shock moves in space from shot to shot by a couple centimeters. This movement of the shock structure is also observed in the iCCD images by the shot to shot movement of the bright structure as shown in Fig. 11 and Fig. 12 . This leads to shot to shot variation with regards to which interferometry chord the shock structure passes through. The iCCD images also show that the shock has some kink to it, leading to the shock position moving in time across multiple chords. The interferometry data shows that the shock structure passes predominantly through chord 10 for the argon gas jets, as expected. The averaged nitrogen and krypton data shows the shock structure dipping down into the chord 8 and 9 region while the xenon data shows it overlapping with chords 9 and 10. The spread in the error bars for chord 10 of the xenon data was so large that we have clipped the image with the peak error bars reaching 8x10 16 cm -2 . As discussed in the previous section, there should be some degree of symmetry in the line integrated density. The large amounts of asymmetry are indicators of unbalanced plasma jets as well as timing jitter both of which would compromise the ability of a plasma liner to compress a DT target.
To determine the effect of plasma shocks on the density profile observed in the 3-gun shots, experiments were conducted with gun 2 only and guns 1+3 only. The line integrated density for gun 2 results was added to the results of guns 1+3 (see Fig. 3 of Ref. 41) and compared to the 3-gun results. Fig. 17 shows the results of this comparison for all four gas species. The traces show that for all gas species, the line integrated density of the 3-gun cases are several times greater than the sum of the line integrated densities of the individual guns. These results show that the contribution of line integrated density of the three individual guns is not sufficient to produce the large jumps in density observed in the 3-gun shots. This illustrates that the jump in density is due to the forma- Table I. tion of plasma shocks. It is also interesting that the Gun 1+2+3 trace (green trace) matches well with the traces of the chords that indicate no shock structure, suggesting that the traces for the 3-gun experiments with the lowest line integrated density are pre-shocked plasma jet regions.
Individual shots were analyzed to better illustrate the jump in density due to the shock structure. Ratios were taken of the chords with the highest line integrated density to the chords with the lowest line integrated density, with the former representing post-shock and the latter representing pre-shock plasma regions. The values were averaged across each species and a standard deviation determined. As discussed earlier, the high density shock structure is observed to move across interferometry chords in time as is also observed by the iCCD images. With a separation between chords of 1.5 cm and a shock width ranging from 1-4 cm (estimated by iCCD images), we suspect that the high density region of the shock would miss an interferometry chord on occasion. This would lead to an underestimation of the plasma shock density jump. For each species, the maximum ratio between the chords with the highest and lowest line integrated density was also determined as a comparison. The results of this analysis are reported in Table IV for each species, with the average ratio, the standard deviation, and the maximum ratio for each species shown.
Collisionality of merging plasma jets
The collisional regime of the pre-and post-merge plasma jets is investigated to understand the plasma shock formation process. The shock structure captured by the iCCD images as well as the interferometry chords can be compared to estimates of the ion-ion slowing length calculated using averaged plasma parameters for 
where
where v = 2v jet sin(θ) (cm/sec) is the relative velocity between counter-streaming pre-shock plasma jets, µ ii is the ion-ion slowing frequency in the fast limit (≫ ν ie,s for these parameters), n i is the ion density, µ is the ion/proton mass ratio, and ǫ(eV) is the energy associated with the velocity, v. The factor of 4 is the integral effect of the slowing down ? and the summation is over all gas species. Only one gas species was used at a time, however, the addition of titanium impurities can be included to understand the possible effects on shock formation. Estimates determined from chamber pressure rise indicate an 80/20% mixture of pure gas and titanium. Table V shows the expected penetration length of colliding plasma jets using the averaged parameters of each gas. Estimates were calculated for both 100% injected gas species as well as 80/20% pure gas species and titanium impurities. The velocities were determined from the photodiode data with the velocity for titanium assumed to the be the same as the pure gas species. The electron temperatures andZ were deterimined from survey spectroscopy with the same values assumed for titanium across all pure species while the densities are determined from interferometry. The ± in the velocity and the density is from the spread in the data. The purpose of this analysis is to qualitatively present the scale lengths expected for these plasma parameters. Table V shows the results of the penetration length for the plasma parameters for pure gas species and gas plus titanium jets. The larger angle of 20.5 • was used to determine the relative velocity of the counter-streaming jets. A more resolved diagnosis of temperatures, densities, ionization states, and impurity levels would be necessary to more accurately calculate these penetration lengths. The results from Table V do suggest that a continued effort to remove impurities from the plasma jets is important, with the addition of only 20% decreased the interpenetration significantly and would likely lead to large shock structures and greater density gradients. The impurities are observed to arrive at nearly the same time as the formation of shocks in the argon jets (compare Fig. 16 and Fig. 15 ) providing evidence that the shock structures observed in the iCCD images and the interferometry may be in part due to the titanium. Since titanium was measured via spectroscopy in the argon jet case only, we are not certain of the arrival time of the impurities at 20 cm from target chamber center for the other gas species.
The mechanism that leads to the shock formation in the merging of three plasma jets is not well understood leading us to the discussion of two possible scenarios that lead to the shock structure. The first assumes that the merging of two plasma jets form a collisional shock between plasma jets 1 and 2 and plasma jets 2 and 3 at an angle of 11.6 • . The primary shocked plasmas then propagate at an angle of 11.6 • and form a secondary shock upon merging, this shock being the one measured by the 5 chord interferometry. The second possible scenario is the semi-collisional (i.e., with some jet interpenetration ? ) merging of plasma jets 1 and 2 as well as the semicollisional merging of plasma jets 2 and 3 leading to the collisional merging of plasma jets 1 and 3, with an angle of 20.5 • . The latter scenario is likely occurring in the experiment due to observations of nearly uniform lineintegrated densities across all chords in the gun 1+2 only shots. This is not surprising since the five chords were placed in a position that is intended to be just outside the primary shock region for gun 1+2 and gun 2+3 primary shocks. Therefore, the merging of two primary shocks to form a secondary shock is not the cause of the density jump in the interferometry chords. The leading scenario is illustrated in Fig. 18 . The dotted red lines represent primary shocks between two plasma jets, the solid red line represents a primary shock formed by the merging of plasma formed by the semi-collisional merging of two pairs of jets (in this case the two pairs are jets from guns 1 and 2 and from guns 2 and 3), and the green rectangle represents the cross section of the five interferometry chords. Fig. 18 .a and Fig. 18 .b illustrate the merging of jets from guns 1 and 2 and guns 2 and 3 respectively, with the shock residing outside of the interferometry chord region. Fig. 18 .c shows the merging of plasma jets from guns 1 and 3, with the regions of the shock structure crossing the interferoemtry chords, however, the interferometry as well as the iCCD images showed no clear indication of a primary shock forming. Fig. 18.d illustrates the likely scenario of plasma jets from guns 1 and 2 and from guns 2 and 3 merging to form new merg-FIG. 17. The green traces for each species, labeled as Guns 1+2+3, are calculated by adding the interferometry trace from a gun 2 only jet case with the interferometry trace from a merged gun 1 and 3 only jet case. The traces are averages across all 5 laser chords with the error bars representing one standard deviation in the data spread. The sum of the 3 gun traces is consistently much less that the trace with the largest line integrated density for each species, suggesting that the increase in the signal is from the formation of a plasma shock. The green trace is qualitatively similar to the chords that have the lowest line integrated density, suggesting that these chords are traversing a pre-shock plasma jet region. The error bars represent spread in the data over the same shots as in Fig. 16 ing plasma regions with higher density, T e , andZ. This scenario is possible if the initial merging of two jets is semi-collisional ? . The primary shocks formed between guns 1 and 2 as well as guns 2 and 3, likely form near the plasma shock formed along the 5 interferometry chords. If true, this would make it very difficult to observe this effect with iCCD imaging alone. A more careful study of this effect is needed to better understand the formation and evolution of these shocks by fielding all twelve interferometry chords such that they cross the primary shock regions of the outer jets (the red dotted lines in Fig. 18 ) and change the positions of these chords with respect to target chamber center to capture the evolution. This is planned for future work.
D. Ion heating and Mach-number
Oblique merging of two plasma jets has been characterized to determine the effect shock heating has on Mach-number degradation of merging supersonic plasma jets. Results indicate that the heating of the post merge jets goes predominantly into the ions for both small (shock formation) and substantial jet interpenetration. ? ? For the cases where plasma shocks formed, the measured T i jumped to 10s of eV, in agreement with theoretical plasma shock heating (see Fig. 8 and Eq. 2 Ref. 39). The ion temperatures were observed to cool in several microseconds, also in agreement with predicted classical electron-ion collisional relaxation times (see Fig. 8 and Eq. 3 of Ref. 39).
The effect this shock heating process may have on the Mach degradation is studied for the merging of two jets and two different angles, 11.6 • and 20.5 • . The Doppler spectroscopy collection optics are focused along the primary shocks between guns 2 and 3, as well as the pirmary shock line of guns 1 and 3, and are moved in time and space along the shock lines in increments of 10 cm towards target chamber center as illustrated in Fig. 12 . With T i determined by Doppler spectroscopy and T e by survey spectroscopy, the Mach number (C s ≈ [γ(T e + T i )/m i ] 1/2 , where γ = 5/3 is assumed), can be calculated along the shock regions in space and time. Fig. 19 shows the results of side-on interferometry and Doppler spectroscopy both at 20 cm from target chamber center for three different plasma jet configurations. The ion and electron temperatures have been used to calculate the Mach-number in these figures. Fig. 19 .a shows the results for jets 1, 2, and 3 merging with the Doppler collection optics focused at the gun 2 propagation line. Fig. 19 .b shows the results for jets 1 and 3 merging with the Doppler collection optics focused at the gun 2 propagation line. Fig. 19 .c shows the results for jets 2 and 3 merging with the Doppler collection optics focused directly between the gun 2 and 3 propagation lines. The interferometry chords in Fig. 19 .a and Fig. 19 .b cross the region where the plasma jets should merge and primary shocks (and possibly secondary shocks) will form. Fig. 19 .a shows strong shock formation as discussed in Section IV.C.1 while Fig. 19 .b show a relatively smooth merged plasma region. The chords in Fig. 19 .c were positioned outside of the merging region of the two plasma jets, so we are not able to quantify the line integrated density jump across the jet 2 and jet 3 plasma shock. For the 3 jet case ( Fig. 19.a) , the merging of the jets leads to collisional ion heating, resulting in a low Machnumber, followed by subsequent radiative cooling of the ions through collisional equilibration with the cool electrons that allows the Mach-number to increase nearly 7.
For the 2 jet case at a large angle, Fig. 19 .b, ion heating is observed, however, the lower density plasma inhibits the radiative cooling that was observed in the 3 jet case and results in a low Mach-number. For the 2 jet case at a small angle, Fig. 19 .c, the collisional shock heating leads to a low Mach-number, followed by the radiative cooling that leads to a high Mach-number.
Simulations were conducted using the merging of jets 2 and 3 to compare to the data above. Fig. 20 shows the results for argon gas jets compared to simulations using SPFMax. The black circles are results within the jet-merging region for primary shocks from jets 2 and 3. The red line is the simulated results of the averaged primary shock Mach-number. The blue line is the simulated liner-averaged Mach-number and indicates that the liner averaged Mach-number remains above ≈ 10 despite the localized value with the jet-merging regions falling well below 10 to about 4. The ability for the global Machnumber to remain above 10 and the localized Mach number ability to relax back to about 10 is important for the viability of the PLX concept. Mach degradation would lead to an increase in liner spreading and is predicted to degrade the liner ability to compress a plasma target to fusion relevant conditions ? .
V. SPFMAX
Smooth Particle Fluid with MAXwell equation solver (SPFMax) was utilized to simulate the merging of 3 jets as described in Section IV. SPFMax is a three dimensional fluid code designed to model problems in inertial fusion, pulsed power, and propulsion. ? SPFMax numerically integrates three components of position and momentum and either single temperature or two temperature energy equations on a distributed set of point masses in which the derivatives are evaluated using smooth particle hydrodynamic methods. The physics include real viscosity, tabular or ideal gas equation of state, heat transfer, shock capturing via artificial viscosity, thermal equilibration between ions and electrons, and single and multigroup radiation emission and absorption. Linear momentum and all particle-to-particle energy inter- 18 . A simple cartoon is used to describe a possible cause of the shock in the merged 3 jet experiments. Interferometry showed that the merging of plasma jets from guns 1 and 2 lead to a merged line integrated plasma density that was twice that of gun 2 jet alone. This is illustrated in Fig. 18 .a and Fig. 18 .b. It was also shown that the line integrated density of the merged jets from guns 1 and 3 only were twice that of a single jet. The merging of all three jets certainly leads to a plasma shock as measured by the interferometry and observed in the iCCD images. One possible explanation is that the merging of the two outer jets, 1 and 3, while propagating across the plasma jet of gun 2, provides a frictional drag on the jets and causes a snowplow effect that leads to a plasma regime that is more collisional.
actions conserve momentum and energy exactly by enforcing reciprocity between particle pairs. This is accomplished by averaging interactions between particles. Electromagnetic fields are propagated by a network of transmission line equations based on Kirchoffs voltage and current laws, with vacuum field propagation handled by efficient superposition of charge and current density. SPFMax has been written in Matlab, and supports both multicore and GPU computing. All post processing was done with a custom GUI-based tool called SPHplot also developed in Matlab. Both SPFMax and SPHplot can produce synthetic diagnostics such as synthetic lineintegrated interferometry.
Relatively good agreement was achieved between experimental data and SPFMax for the line integrated interferometry and Mach number. The line integrated FIG. 19 . Line-integrated density profiles for three different plasma jet merging conditions are plotted along with the plasma Mach-number inferred from the results of Dopper spectroscopy. The data was all taken at 20 cm from target chamber center. Doppler spectra for Fig. 19 .a and Fig. 19 .b was collected from the gun 2 propagation line. Doppler spectra for Fig. 19 .c was collected between the gun 2 and gun 3 propagation lines (see Fig. 12 for image of diagnostic layout).
interferometry agreement was particularly difficult to achieve, and required customized initial conditions nearly for each jet for each type of gas species. It is not guaranteed that the set of initial conditions providing good agreement are unique, and point to the need for improved characterization of the jet conditions in the future. Using the initial density, length, temperature, and density profile provided by the diagnostics, the free parameters for these simulations were gradients in velocity and divergence of the jets to a degree consistent fast framing camera snapshots. The parameters to achieve the features include a density profile, velocity gradient, beam divergence, and jitter.
VI. COAXIAL-GUN UPGRADES AND PLANS FOR 36-GUN EXPERIMENTS
Upgrades to the coaxial-gun have been developed and engineered in plans to extend the 6-and 7-gun experiment to a 18-gun hemispherical experiment with the goal of forming and diagnosing an imploding plasma liner. The goals of the gun upgrade are focused on developing new gas valves, a new pre-ionization scheme, and better switches and triggering. The gas valves have been modified with a singly wound coil, providing a planar axisymmetric surface for pulsing the flyer plate. This new design provides a more precise fit of the coil into the valve body and should improve the reproducibility of the gas valves as well as deliver more mass in less time. A new preionization scheme has been developed to allow for selfswitching. Previous plasma guns used twenty capillary discharge pins to pre-ionize the gas and initiate the main discharge across the inner and outer electrodes. The new design uses self-breakdown of the gas across standing 4.5-kV electrodes, initiating a glow-like discharge. The gun switches (there are six per gun) have been modified to remove the repeated pre-firing of the previous generation of trigatron switches. The upgraded switches are custom made field distortion triggered switches that will provide a more robust system to pre-firing. The inner electrode of the plasma gun is also being changed from titanium to tungsten in the hopes of removing some or all of the impurities that are observed in the current plasma guns. These improvements are likely to further improve the plasma-liner quality as compared to the results presented in this paper.
VII. CONCLUSIONS
The merging of hypersonic plasma jets has been studied to understand the viability of forming an imploding plasma liner as a standoff driver for MIF. A conical array of plasma guns was fielded to study the effect of shock formation and evolution on the Mach degradation and density non-uniformity via the merging of plasma jets. Modeling has shown that an important metric for forming a uniform plasma liner is the synchronous timing and balanced mass injection between plasma guns. These were both recently improved with the a new generation of gas valves and the implementation of a ballasting system. This provided a ≤ 2% mass balance and an improved timing jitter of ∼600 ns between plasma jets. These improvements lead to a more uniform merging of 6 plasma jets that have been modeled using SPFMax as well as FronTier. The uniformity of the merging process was improved with the addition of a 7th gun in the middle of the previous 6. Despite these improvements, interferometry measuerements show shot to shot variations in line-integrated electron densities as well as asymmetric plasma profiles post-jet-merging. These effecst would lead to asymmetric compression of a DT target as well as a possible seed for the Rayleigh-Taylor instability. Modifications to the gun system is required to reduce the timing jitter and subsequently the asymmetries in the merged plasma profiles.
Plasma shock formation and evolution was studied for two plasma jet merging angles. For plasma jets merging at large angles (20.5 • ), the merged plasma is relatively uniform due to the large interpenetration of the plasma jets and softening or even outright elimination of shock formation. The large angle also leads to increased heating of the ions leading to a decrease in the Mach-number. For plasma jet merging at small angles (11.6 • ), the merged plasma has large density gradients due to the decrease in interpenetration of the plasma jets that lead to plasma shock formation. The Machnumber degrades to about 4 due to the shock heating of the ions but relaxes back to about 12 after ∼10 µs due to ion-electron equilibration. Mach-number degradation appears not to be a serious issue, however, the formation of plasma shocks upon jet merging may pose an eventual threat to the uniformity of magnetized target compression. This data is an important first step toward addressing the key question of what asymmetry is tolerable in a reactor-relevant scenario, in which the number of jets, as well as their speed and merging angles and axial profiles, need to be optimized to minimize the degree of merging non-uniformity. That optimization is beyond the scope of the research thus far. The experimental data presented here are currently being utilized to benchmark multi-physics models and codes to evaluate the PJMIF concept. The goal of future experiments is to tune the plasma jet merging parameters to optimize the collisionality parameters such that the density is high enough to provide ion cooling with the surrounding electrons yet have increased inter-jet penetration to soften or eliminate shock formation. We intend to utilize benchmarked simulation tools to guide us in this optimization for potential future experiments. Further research into these issuues will be studied next by fielding 18 plasma guns in a hemisperical pattern, followed by 36 guns in fully spherical plasma-liner formation.
